INTRODUCTION
The terms ichthyoses/Mendelian disorders of cornification (MeDOC) refer to conditions with visible scaling/hyperkeratosis of the skin. MeDOC patients generally have a high disease burden. 1 In addition to clinical heterogeneity, the inborn types of MeDOC have a diverse genetic background, including autosomal dominant, autosomal recessive and X-linked inheritance (Table 1) . [2] [3] [4] Distinguishing between specific subtypes requires careful assessment of clinical features. Associated cutaneous and extracutaneous features, as well as disease onset and clinical course, provide important diagnostic clues. In all forms of MeDOC, the clinical presentation may be variable in both severity and in the expression of associated features, and at times additional laboratory testing including microscopy and genetic analyses is required. This review summarizes how the clinician can utilize diagnostic clues to narrow down the differential diagnosis, select additional laboratory testing and choose therapy.
EPIDERMAL HOMEOSTASIS AND PATHOGENESIS OF MEDOC
An intact protective skin barrier is the ultimate function of the epidermis. The main cell type within the epidermis, the keratinocyte, exits the cell cycle and differentiates while moving from the basal layer toward the skin surface. Eventually, the outermost corneocytes, which have lost their nucleus, flake off the skin surface in a process of cell junction dissolution by proteases called desquamation. 5 Essential for the epidermal barrier, corneocytes are surrounded by a lipid-enriched extracellular matrix, primarily consisting of cholesterol, free fatty acids and ceramides. [6] [7] [8] The lipids are delivered to the extracellular space by specialized keratinocyte organelles, the lamellar bodies (LBs), and through a series of enzymatic and nonenzymatic steps are organized into water-impermeable extracellular lipid lamellar structures. 6, [9] [10] [11] Corneocytes and lipids form the epidermal barrier that prevents outside-to-inside invasion of physical, chemical and microbial noxae, and in addition maintains fluid homeostasis by preventing inside-tooutside loss of body fluids.
MeDOC are caused by mutations in genes for skin barrier components. These include proteins of structural importance for corneocyte formation (eg, cornified envelope proteins), cell-cell junction proteins and enzymes required for the proteolysis of cell junctions, for lipid metabolism and for DNA repair (Table 1) . 2, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] In the revised classification, MeDOC entities are listed using the term for the clinical entity referenced with the causative gene in parenthesis. The major clinicogenetic categories of the current MeDOC classification are summarized in Table 2 (also see Oji et al) 2 . However, the ultimate MeDOC classification should primarily follow 'pathogenetic/
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Although mutations in several different genes coding for epidermal proteins have been described, they converge in a limited spectrum of MeDOC phenotypes that is invariably accompanied by skin barrier impairment driving pathogenesis. To date, therapy of MeDOC is symptomatic rather than mechanism or pathogenesis based. As no cure exists for MeDOC, a major need is to develop pathogenesis-driven therapy that takes into account the skin barrier defect.
functional' aspects (Table 1) . Mutations in different genes show phenotypic convergence in the MeDOC (Table 1) , that is, different genotypes cause a relatively limited spectrum of clinical phenotypes that are neverthelesss pleiotropic (manifest as multiple phenotypic traits). This is explained by the fact that the various genetic defects found in the MeDOC all disrupt the skin barrier, eliciting a stereotypic repair mechanism. 3 In MeDOC, the superimposed features of disturbed epidermal homeostasis, impaired epidermal barrier function and the ensuing repair response form the basis of the clinical phenotype (Figure 1) . Notably, the barrier restoration efforts are generally unsuccessful, because the genetic disturbance remains uncorrected. Consequently, an understanding of epidermal barrier function will help the clinician to recognize the clinical criteria and subtleties that are characteristic for the individual MeDOC entities.
DIAGNOSTIC APPROACH
The following clinical criteria should be used for the differential diagnosis of MeDOC: (1) the type of scaling and hyperkeratosis ( Figures 1 and 2) ; (2) the onset and evolution of skin changes over time; (3) other dermatologic features ( Figure 3) ; and the involvement of other organ systems ( Figure 4) ; (4) the family history pointing toward a particular mode of inheritance or a specific genetic cause. Quality and distribution of scaling and/or hyperkeratosis Scaling and hyperkeratosis refer to thickening of the stratum corneum. Pathological scaling refers to visible flakes of stratum corneum on the surface of the skin, in contrast to invisible, physiological scaling generated by normal stratum corneum desquamation. The type of scaling, that is, fine, moderate or large (Figures 1a-c, Figure 2 ), provides diagnostic clues to the diagnosis of MeDOC. The term hyperkeratosis is used to describe thickened stratum corneum that does not produce visible scale, because it is not accompanied by desquamation, but gives the skin surface a 'hardened' texture. Examples are keratinopathic ichthyosis (KI; keratin (KRT)1, KRT2 and KRT10) with white to brown, spiny hyperkeratosis ( Figure 1d ) and Sjögren-Larsson syndrome (SLS) (aldehyde dehydrogenase (ALDH)3A2) with cobblestone hyperkeratosis. For both scaling and hyperkeratosis, the distribution has diagnostic significance. For example, flexural sparing is usually seen in ichthyosis vulgaris (IV) (filaggrin (FLG)) ( 
Evolution of skin changes
The neonatal presentation of MeDOC at birth provides clues for narrowing down the differential diagnosis. 25 Neonates can present with congenital ichthyosiform erythroderma (CIE) or with a collodion membrane (parchment-like membrane covering the skin at birth and dissolving during the first days or weeks of life (Figure 1k) ). If the history is taken years later, it is often difficult to obtain a precise description of the neonatal presentation (unless the restrictive, armorlike scaling of harlequin ichthyosis (ATP-binding cassette subfamily A12 (ABCA12)) was present). 26, 27 In a minority of cases (o10%), the neonatal phenotype (largely) resolves within weeks to months post birth (termed self-improving collodion ichthyosis, previously self-healing collodion baby or pleomorphic ichthyosis). 28, 29 However, this occurs in a maximum of 10% of cases. The majority of the congenital phenotypes transform into generalized scaling that typically persists throughout life. 30, 31 Polyhydramnion associated with prematurity and post-natal failure to thrive are clinical features relevant for the diagnosis of ichthyosis-prematurity syndrome (FATP4). 32 KI (KRT1, KRT2 and KRT10; in its generalized form also called epidermolytic ichthyosis, bullous ichthyosis, bullous CIE Brocq or ichthyosis bullosa of Siemens) presents with generalized blistering at birth that later transforms into hyperkeratosis (Figure 1d ). Generally, in MeDOC with a severe phenotype there is an increased risk of growth failure due to the defective skin barrier and increased energy consumption. 33 In other instances, the scaling phenotype manifests with delayed onset within weeks to months after birth. The paradigmatic example of a delayed onset condition is IV (FLG) with fine white scale (Figures 1a and f, Figure 2 ). 34 Other examples for delayed onset MeDOC include Refsum syndrome (phytanoyl-CoA hydroxylase (PHYH)/peroxisome biogenesis factor 7 (PEX7)) and cerebraldysgenesis-neuropathy-ichthyosis-palmoplantar keratoderma (CEDNIK, synaptosomal-associated protein 29 (SNAP29)) (Figure 2 ).
Other dermatologic features and organ involvement
The association of scaling/hyperkeratosis with erythema is an important distinguishing feature that is seen in CIE, Netherton syndrome (NS, serine protease inhibitor, kazal-type 5 (SPINK5)) ( Figure 1g, Figure 3 , Figure 5 ) and KI (KRT1, KRT2 and KRT10). Abnormalities of the nails, hair and mucous membranes are characteristic of several MeDOC subtypes (Figure 3 ), for example, onychoschisis of fingernails and tiger-tail pattern of hair under polarizing microscopy in trichothiodystrophy (TTD) (for mutations see Table 1 ; TTD, Figures 1h and i) , trichorhexis in NS (SPINK5), alopecia/atrichia and frequent mucocutaneous infections in KID syndrome (gap junction protein-beta 2(GJB2)) (Figure 2 ), ear deformations in ARCI (for mutations see Table 1 ).
MeDOC can present as a non-syndromic (manifesting only in the skin) or as a syndromic disease (with involvement of other organ systems). A prototypic non-syndromic form is KI (KRT1, KRT2 and KRT10), which does not involve any other organ apart from the skin. At the syndromic end of the spectrum, scaling is a variable clinical feature of multi-system disorders such as Refsum syndrome (PHYH/PEX7), or the very itchy SLS (ALDH3A2), which also present with central nervous system involvement. [35] [36] [37] As an intermediate type, recessive X-linked ichthyosis (XLI, steroid sulfatase (STS)) can be limited to the skin but may also show extracutaneous features such as undescended testes/ cryptorchidism (although this seems to occur less frequently than previously thought) and corneal opacities (Figure 4) . Detailed phenotype descriptions of the various entities are available from a recent review by Oji et al. 2 
Laboratory testing
The phenotype and the family history guide the initial steps of the diagnostic process before additional laboratory testing is carried out.
Light microscopy. Only a subset of MeDOC entities has pathognomonic histological features such as IV (FLG) where a reduced or absent granular layer is evident. KI (KRT1, KRT2, KRT10) shows enlarged, pale keratinocytes with abundant keratohyalin granules. 2,38-40 Specific for neutral lipid storage disease with ichthyosis (ABHD5; also termed Chanarin-Dorfman syndrome) are lipid vacuoles within polymorphonuclear leukocytes and monocytes (oil red stain: Jordan's anomaly). 41 Parakeratosis, the retention of nuclei in stratum corneum cells, is observed in loricrin keratoderma (LK, loricrin (LOR) (also termed Vohwinkel syndrome with ichthyosis)) and NS (SPINK5). 42, 43 Immunohistochemical staining confirms FLG deficiency in IV (Figures 1l and m) 44 and reveals absent or reduced expression of lympho-epithelial kazal-type-related inhibitor and SNAP29 in NS and CEDNIK, respectively. [45] [46] [47] In addition, light microscopy of hair shafts demonstrates 'bamboo hairs' (trichorrhexis invaginata) in NS (Figure 1j ) 48 and polarization microscopy of TTD patient hairs reveals a tiger-tail pattern that corresponds to the diagnostic low sulfur protein content (Figure 1i) . 49, 50 Electron microscopy. Electron microscopy helps to narrow down the list of differential diagnoses or even rules out certain types of MeDOC. 6 A combination of osmium tetroxide and ruthenium tetroxide post-fixation enables improved visualization of postsecretory changes in LB contents and extracellular lamellar lipids. 51 For example, in IV (FLG) a pronounced decrease in keratohyaline granules is associated with abnormal LB secretion and lamellar/non-lamellar phase separation (Figure 1n) , presumably due to altered enzyme activities. 39, 52 XLI (STS) typically shows retained corneodesmosomes and phase separation of lipids in the stratum corneum interstices. 53 Harlequin ichthyosis (ABCA12) and CEDNIK (SNAP29) exhibit abnormal LBs 54 due to impaired lipid transport and abnormal intercellular lamellae in the stratum corneum. 55 Gaucher disease (glucocerebrosidase (GBA)) is characterized by impaired processing of the extracellular lipids derived from the LBs. 56 Disruption of the KRT cytoskeleton, with detachment from desmosomal plaques, perinuclear shells, and LB secretion defects, are observed in KI. [57] [58] [59] [60] [61] LK (LOR) and ARCI (TGM1) are characterized by reduced thickness of the cornified envelopes ultrastructurally. 42, 43, [62] [63] [64] In contrast, aberrant vesicular structures indicate NIPA-like domain containing 4 (also known as ichthyin) mutations in ARCI. 65 Furthermore, trilamellar membrane aggregations in the stratum corneum and stratum granulosum are 
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material is subjected to a 'sodium dodecyl sulfate (SDS) heating test' , in which a lack of cross-linked cornified envelopes is substantiated by reduced integrity (Figures 1o-p) 39 (after boiling minced scales in a buffer-solution consisting of 2% SDS, ethylenediaminetetraacetic acid, dithiothreitol and Tris HCl for 10 min, and centrifuging, the corneocyte suspension is assessed by light microscopy in the Nomarsky mode). Unaffected cornified envelopes maintain integrity after boiling in SDS, as compared with TGM1-deficient material (Figure 1q) . 70, 71 STS deficiency underlying XLI is demonstrated by reduced arylsulfatase-C activity of leukocytes or cultured fibroblasts. [72] [73] [74] [75] Elevated blood cholesterol sulfate levels with increased mobility of beta-lipoproteins are also diagnostic. 76 In Refsum syndrome (PHYH/PEX7), increased phytanic acid and reduced pristanic acid levels in plasma are diagnostic in conjunction with the clinical phenotype. 77 Patients with Gaucher disease (GBA) show elevated chitotriosidase in serum and characteristic Gaucher cells in the bone marrow; the diagnosis is confirmed through enzyme studies (reduced GBA activity in leukocytes or cultured fibroblasts). 56 Elevated levels of 8-dehydrocholesterol in the Conradi-Hünermann-Happle syndrome (EBP) are recognized through specific sterol analyses. 78 Finally, reduced ALDH activity in leukocytes or cultured fibroblasts is diagnostic in SLS (ALDH 3A2). 35, 77, 79, 80 Genetic analyses. 
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analysis may be considered in appropriate families. Despite advances in molecular biology, techniques required to establish the diagnosis of MeDOC based on molecular criteria are not readily available in every geographic location of the world. Therefore, clinically-based algorithms (see above and Figures 2-5) remain at the core of differential diagnostic considerations and focus the clinician's mind to make efficient use of resources. Importantly, the diagnostic process should be discussed with the patient ahead of time to set realistic expectations, psychological support and contact to patient advocacy groups should be offered (eg, ichthyose.eu, firstskinfoundation.org).
Genetic counseling. Once a MeDOC has been diagnosed, genetic counseling provides affected individuals and/or relatives with information about diagnosis, prognosis, underlying pathogenesis if known and the mode of inheritance. The recurrence risks for future siblings and other family members may be an important issue for patients and their parents. Risk assessment is based on the probable modes of inheritance or empirical studies if the underlying genetic defect is not known. Consequences and limitations of planned genetic analyses as well as the implications of normal results should be explained.
Clues to circumvent unnecessary diagnostic investigations. To facilitate and streamline the diagnostic process, we present Figures 2-5 that visualize the differential diagnostic criteria. Detailed descriptions of each entity are not provided here because of space restrictions, but can be obtained from a recent consensus classification. 2 For example, to distinguish ARCI (for mutations see Table 1 ) from XLI (STS) and IV (FLG), a history of autosomal recessive inheritance and flexural involvement points to ARCI, which should then be primarily tested. Light microscopy for hair abnormalities can in some cases focus the differential diagnosis, for example, TTD (for mutations see table 1) vs NS (SPINK5) can be distinguished (tiger tail pattern vs trichorrhexis invaginata) and NS shows distinctive ultrastructural features, eliminating the need for broader testing (see above). As shown in Figure 5 , the differential diagnosis of congenital ichthyosis can be narrowed based on clinical grounds combined with microscopy, biochemical and genetic testings. To distinguish syndromic forms, neurological, 
THERAPY AND IMPLICATIONS OF BARRIER IMPAIRMENT
At present, treatment of most MeDOC is rarely type-specific or corrective. 81, 82 Instead, therapy of MeDOC is symptomatic and mostly based on patient's experiences rather than disease pathogenesis. Often patients are experts in their individual needs and the role of the physician is to provide guidance on general treatment principals and information about potential interactions and adverse effects. It is important to keep the goals realistic and focused as no curative treatment is available. These include (1) to maintain or improve function (prevent excessive transepidermal water loss, prevent contractures), (2) to ameliorate symptoms, (3) to improve appearance and comfort, as well as (4) to treat complications (eg, secondary infections). In infants, clinicians have to consider the functional consequences of the epidermal barrier defect. Caloric insufficiency due to evaporative energy losses places infants with severe phenotypes at risk for growth failure and requires early intervention. 33 Neonates with severe congenital phenotypes require intensive care using humidified incubators to avoid temperature instability and hypernatremic dehydration; vigilance for signs of cutaneous infections and septicemia is essential. According to a case series of 17 collodion babies, 83 intravenous lines and early emollient use should be avoided as far as possible to prevent infections.
During the course of the disease, MeDOC therapy usually includes soaking baths to hydrate the thickened stratum corneum, keratolytics (in infants, do not use topical salicylic acid, because of a potential for systemic adverse effects), mechanical methods and emollients (Table 3) . [84] [85] [86] [87] Mechanical removal of thickened stratum corneum after a soaking bath using pumice stones is simple and effective. Special locations such as the outer ear canals require professional help with regular removal of scaling/hyperkeratosis. Emollients, mostly consisting of non-physiological lipid mixtures, were traditionally selected by trial and error, but recent developments open possibilities for a pathogenesis-based treatment using physiological lipids that reflect the lipid composition of the stratum corneum (mainly cholesterol, free fatty acids and sphingolipids). 88, 89 Recently, specific replacement (substitution) of the defective lipid species has been described in congenital hemidysplasia with ichthyosiform erythroderma and limb defects syndrome, a prototypic example of pathogenesis-based, subtype-specific therapy. 90 Any MeDOC treatment requires careful tailoring to the subtype diagnosis and the severity of the disease. For example, a strong keratolytic, that is, lactic acid (3-5%), may be beneficial for subtypes of ARCI (for mutations see Table 1 ) with thick adherent scales, but may be detrimental for patients with KI (KRT1, KRT2 and KRT10), because hyperkeratotic lesions are often replaced by erosions.
Another mainstay of MeDOC therapy is the modulation of epidermal differentiation by nuclear hormone receptor ligands such as topical vitamin D, topical and oral retinoids. Topical retinoids are particularly helpful in certain anatomic locations including palms, soles and eyelids (eg, treatment of ectropion). Systemic retinoids, while widely used to treat severe disease, require experienced physicians and close follow up of patients. 91 Before the administration of systemic retinoids, a thorough discussion of expected outcomes and possible adverse effects is required. The lowest possible dose producing desired clinical outcomes needs to be titrated, and 1 mg/kg of isotretinoin or 0.5 mg/kg of acitretin should not be exceeded. Adverse effects include mucocutanous toxicities (eg, cheilitis and eye irritation), hair loss, hyperostoses and laboratory abnormalities in blood cell counts, transaminases and serum lipids. Retinoic acid metabolism blocking agents such as liarozole, which at present have an orphan drug status in the treatment of MeDOC, have shown an effectiveness equal to oral retinoids, and a favorable tolerability profile. [92] [93] [94] However, further clinical trials are needed to confirm these findings.
It has become increasingly evident that the permeability barrierthe most critical function of the stratum corneum -is impaired in most forms of MeDOC. A better understanding of the pathogenic mechanism of each disorder from the causative genetic lesion to subsequent alterations in the stratum corneum and in skin barrier function is warranted for the development of more specific and effective therapies. New therapeutic approaches that take into account the interplay between causative genetic defect and compensatory epidermal responses are likely to significantly improve the quality of life of the affected patients. 95 
